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Primary epidermal cells derived from the skin of new-
born mice can be arrested in GL(GO) of the cell cycle when 
kept in serum-free medium with 0.06 mM Ca++ for 4 days. 
These cells can be restimulated to grow by the addition 
of Chelex 100-treated inactivated fetal calf serum, as 
shown by liquid scintillation counting and autoradiog-
raphy after eH]-thymidine incorporation and by count-
ing mitotic figures. This system may be useful in study-
ing growth-promoting and -inhibiting substances in vi-
tro, and it is shown here that leukocytes from peripheral 
human blood are able to stimulate the DNA synthesis of 
epidermal cells although the effect is smaller than that 
observed with serum. The stimulation was not inhibited 
by pretreatment ofleukocytes with mitomycin C, exclud-
ing the possibility that the increased incorporation of 
radioactivity in mixed epidermal-leukocyte cultures is 
due to increased DNA synthesis in leukocytes stimulated 
by epidermal cells. Therefore, this system may also be 
helpful in t h e investigation of the role of leukocytes in 
the hyperproliferation of the epidermis. 
A ch a racteristic feature of psoriasis is the increased prolifer-
ation of th e epidermis. However, in every psoriatic lesion one 
find s, on histology, a n accumulation of leukocytes in the upper 
dermis and the epidermis. From this observation th e intriguing 
question arises whether both features may be intimately con-
nected to each oth er, i.e., t hat le ukocytes are a contribut ing 
factor in t h e h yperproliferation of t h e psoriatic epidermis. 
Several papers were published during recent years that dealt 
with the role of leukocytes in psoriasis. Most authors investi-
gated the reasons for th e increased accumulation of le ukocytes 
in the psoriatic lesion which may be caused by the release of 
chemoattractan ts from th e epidermis [1-3], enhanced chemo-
tactic responsiveness [4,5] , a nd/or increased adherence of leu -
kocytes [6]. However, th ere are a lso reports suggesting a role of 
leukocytes in the increased proliferation of e pidermal cells. 
Krueger ana Jederberg [7] observed t hat supernatants of cul-
tured peripheral blood mononuclear cells (PBMe) enhanced 
proliferation of HeLa cells, an epithelial tumor cell line, a nd 
that PBMe from psoriatic subjects produced more stimulation 
than did th ose from normal subjects. Lazarus a nd Gilgor [8] 
reported that experimentally induced polymorphonuclear leu-
kocyte infiltration in t he skin produces epithelial cell prolifer-
ation. They implied that this effect may be due to hydrolases 
Manuscript received J anuaJ'y 14, 1982; accepted for publication April 
20, 1982. 
Reprint requests to: Dr. H.-J. R istow, Laboratory of Molecular 
'Biology, The Salk Institute for Biological Studies, P.O. Box 85800, San 
Diego, California 92138 . 
. Abbreviations: 
DMEM: Du lbecco-Vogt's modified Eagle's medium 
PBL: peripheral blood leukocytes 
PBMC: peripheral blood mononuclear cells 
PBS: phosphate- buffered saline 
PHA: phytohemagglutinin 
TCA: lrichloroacetic acid 
TD: Ca++ _MgH [Tee T ris saline (buffer) 
of poiymorphonuc\em' leukocytes that can induce cell divis ion 
in vitro. 
To study the proposed effect of leukocytes on ep ide rmal 
keratinocytes is to face the dilemma that there is no well-
defined assay for quantitating a stimulator y agent on epidermal 
cell proliferation in vivo or in vitro. This paper shows that 
growth of cultmed mouse epidermal cells can be partially 
arrested by serum starvation and that addition of huma n pe-
ripheralleukocytes can stimulate DNA synthesis in those cells. 
MATERIALS AND METHODS 
Mouse Epidermal Cell Cultures 
Mouse epidermal cells were separated according to the methods 
published by Yuspa and Harris [9] and by Regnier, Delescluse, and 
Prunieras [10]. Newborn mice (stra in HRS/J or Balb/C), 2-4 days old, 
were killed by decapitation and immersed in 70% alcohol for 1-1\-'" min 
[ll]. After extens ive washing in sterile Ca++-Mg++ free Tris saline 
buffer ('I'D) [12], the limbs were cut off and the skin removed from the 
trunk, the subcutaneous fat scraped off, and dermis with epidermis cut 
into smaller pieces and floated epidermal side up on 0.25% trypsin at 
4°C for 20 hr. Dermis and epidermis were separated by the use of 
forceps and gently shaken in phosphate-buffered saline (PBS) with 10% 
calf serum, glucose, and amino acids and vitamins at a concentration as 
found in Dulbecco-Vogl's modified Eagle's medium (DMEM). After 
15-20 min the enriched PBS was removed, pomed through Ni tex gauze 
(100-!L pore size, T olber, Ernst & Traber Inc., Elmsford, New York) to 
separate the suspended cells from debris, and dermal and epidermal 
pieces were shaken again in enriched PBS. This procedme was t hen 
repeated once again. 
The separated cells were pooled, spun down at 200 X g and resus-
pended in a modified Ham's F12 medium wi th 10% inactivated calf 
serum. A sample was taken, counted in 0.05% trypan blue, and cells 
were seeded a t 10(; small, trypan blue-excluding cells per 3-cm tissue 
culture dish (Falcon P lastics, OxnaJ'd, California) or at [) x 10" in 2-cm" 
Linbro tissue cu lture wells (Linbro Division, Flow Laboratories, Inc., 
Hamden, Connecticut). 
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Growth Assay 
For incorporation of ["H]-thymidine (["H]-TdR) , the medium was 
removed from the cultures the day after plating. Cul tm es were washed 
once with TD buffer and F12 medium supplemented with trace ele-
ments as in MCDB 104 medium described by McKeehan et al [13] with 
0.06 mM Ca++ added to the cultures. Two and 4 days later, cultures 
were fluid changed again to the same medium. Immediately after the 
second fluid change, inactivated fetal calf serum (56 °C for 30 min), 
deionized with Chelex 100, 200-400 mesh (BioRad Laboratories, Rich -
mond, California) according to Brennan et a l [14], or leukocytes were 
added to the cultures, and the Ca++ concentration in all cultures was 
increased to 0.09 mM. For liquid scintillation coun ting and autoradiog-
raphy, 12.5 !LCi ["H]-TdR (6.7 Ci/mM , NEN, Boston, Massachusetts) 
per ml of medium was pipetted to the cul tm es 15 hr after the additions 
for another 5 hr. For liquid scintillation counting, cells were washed 3 
t imes with TO buffer followed by the addition of 0.25% trypsin in 0.02% 
EOTA buffer. The cells were removed from the culture d ishes, precip-
itated with an equal volume of 10% trichloroacetic acid (TCA), collected 
and washed on membrane filters (Glass Microfibre F il ters, Whatman, 
England) , and the radioactivity counted in a Beckman LS-233 liquid 
scintillation counter (Beckman Instruments, Fullerton, California). 
If the cul tures were prepared for autoradiography, the cultures were 
washed 3 times with TO buffer at the end of the incubation period and 
fixed with 10% formalin-saline. The cultures were then washed at least 
3 t imes with distilled water and covered wi th a thin layer of Kodak 
NTB-3 em ulsion (Eastman Kodak Co., Rochester, New York). After 
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an exposure time of 2-3 weeks, the film was developed, the cul tures 
sta ined with crystal-violet, and more than 1,000 cells of at least 20 
different, randomly chosen high-power fields were counted. 
For counting mitotic figUl·es, Colcemid (20 ng/ml) was added to the 
cultures 24 hr after the addition of serum. Twelve homs later the 
cultures were washed 3 times with TD buffer and fixed with 5% 
glutaraldehyde in PBS for 5-10 minutes, washed with a phosphate 
buffer (pH 6.0) , and stained with 0.001% acridine orange in phosphate 
buffer for at least 5 min in the dark [15]. At least a thousand cells in · 
every culture dish were counted under a fluorescence microscope 
(Standard Zeiss microscope with epi-illumination, Zeiss, Oberkochen, 
FRG). Excitation-balTier filter and reflector combination: reflector 510, 
excitation 485/20 mm band, barrier ftlter at 520. The Colcemid concen-
tration of 20 ng/ml had been found sufficient before for fibroblast 
cultures, but was apparently not sufficient for epidermal cultures since 
several cells in te lophase could be observed in serum containing cul-
tures. 
Preparation of Leukocytes 
Peripheral blood leukocytes (PBL) were prepared according to Chen-
oweth, Row, and Hugli [16]. Eight milliliters of heparinized blood (10 
IV/ ml) were drawn from a healthy adult and allowed to settle in 1.5% 
dextran T 500 (Pharmacia, Uppsala, Sweden) for 20-30 min. The 
leukocyte-rich supernatant was removed and sedimented at 150 X g for 
10 min. The sediment was washed in 10 ml of DMEM, sedimented 
again, the erythrocytes removed by hypotonic lysis [17], the leukocytes 
spun down again at 150 X g, and resuspended in Ham's F12 medium 
without Ca++. Approximately 10'; cells were added to a culture dish of 
arrested keratinocytes. 
Mitomycin C Pretreatment 
Mouse epidermal keratinocytes were plated in 2-cm" Linbro tissue 
culture wells as outlined above. After being in serum-free, low Ca++ 
medium for 4 days, half of the cultures received mitomycin C (40 p.g/ 
ml, Sigma Chemical Co., St. Louis, MissoUl·i) for 45 min. Treated and 
untreated cultures as well (to exclude differences between both sets of 
cultures that were due to different handling) were washed 3 times with 
medium, and leukocytes or serum was added to the cultUl·es. 
For pretreatment with mitomycin, leukocytes were divided equally 
after hypotonic lysis of erythrocytes, spun down, and suspended in 
serum-fTee, low Ca++ medium. One suspension received mitomycin C 
(40 p.g/ml) and both suspensions were incubated for 45 min at 37°C. 
The cells of both suspensions were washed 3 times with the same 
medium without mitomycin C and approximately 4 X 10" leukocytes 
were added per well of mouse keratinocytes. The cultures received 
CH]-TdR after 15 hr for 5 hI· and were processed then for liquid 
scintillation counting. 
RESULTS 
A well-known and convenient method for evaluating growth 
stimulatory substances for fibroblasts is to arrest cultmed fi-
broblasts in G,(Go) by removal of serum from the medium for 
1 or 2 days. The addition of serum or growth factors stimulates 
the cells again to traverse the cell cycle, entering S-phase after 
10-15 hr. The mitogenicity of a growth factor can b e measmed 
by the number of cells or mitotic figures or by the amount of 
incorporated CH]-TdR of stimulated fibroblasts compared with 
unstimulated control cells and with those cells that received 
serum. 
Preliminary experiments with pl·imary mouse epidermal ker-
atinocytes showed that serum had only a minor influence on 
the growth of keratinocytes which often was not even signifi-
cant. It appears that the influence of serum on keratinocytes 
under usual cultme conditions lies more in promoting attach-
ment than stimulating growth or that the influence of serum 
cannot be detected because of the limited growth of the epider-
mal cells of 6-7 days under conventional culture conditions 
[9]. 
Hennings et al [18] and Peehl and Ham [19] reported in-
creased growth of cultured epidermal cells in low Ca++ medium. 
Their observation applied to this system resulted in a consid-
erable improvement of measw·able arrest and synchronous 
growth of m ouse epidermal keratinocytes as demonstrated in 
Fig 1. A considerable number of epidermal cells, kept in medium 
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without serum for 4 days, arrest apparently in G,(Go) and can 
be stimulated to grow again when serum is added to the 
cultures. The peak of the increased CH]-TdR incorporation is 
found 18-21 hr after serum addition. However, t he peak could 
also be observed earlier on other occasions (15-18 hr after 
serum addition). The increase of Ca++ to 0.09 mM was done 
because it appeared in a preliminary experiment that a small 
number of cells in the con trol dishes (incubation continued in 
medium without serum) had been lost by the end of the 
thymidine pulse when dishes were prepared for liquid scintil-
lation countil1g and autoradiography. This increase in Ca++ had 
no significan t influence on the incorporation of thymidine 15-
20 hr later. Even an increase of Ca++ to 0.9 mM could not 
stimulate eH]-TdR incorpOl·ation above the controls when no 
serum was added. 
The increased CH]-TdR incorporation is due to cells reen-
tel·ing the cycle and entering th e S -phase and not due to 
increased transport of [3H]_ TdR across the cell membrane. 
Table I shows that a significantly increased number of labeled 
nuclei can be counted after serum addition to serum-starved 
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FIG 1. Kinetics of ["H]-TdR incorporation in mouse keratinocytes 
kept in serum-free, low Ca++ medium for 4 days. Serum was added to 
one half of the cultmes at zero time. [3H]-TdR was added to the 
cultures for 60 min. At indicated times cultmes were processed as 
outlined under Materials and Methods. Each point was done in dupli-
cate. A, Absolute counts in the acid-insoluble material of cells per 
cultme. B, Relative increase of serum-stimulated cultures compal"ed to 
serum-free controls fr0111 A. 
TABLE I. [ 3H).TdR in.corporation and m.itol.ic figu.res of 
heratinocytes stimulal.ed with serum after serum·sta.rvation for 4 
days 
["H)-TdR Labeling index Mitotic figures incorporation 
cpm/culture (%) (%) 
Control 41,499 ± 4,599 2.15 ± 0.25 0.48 ± 0.22 
(- serum) 
+ serum 164,057 ± 1,782 10.8 ± 2.2 2.63 ± 0.17 
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TABLE II. Counts p er minute and labeled nuclei of two different exp eriments with human PBL from 2 different adult volunl.eers (each 
experiment was done in duplicate) 
Il m IV 
Control +PBL + Serum PBL a lone (no addi t ion) (no kerati nocy tes) 
Exp. No.1 47,628 ± 2,576 97,457 ± 5,131 159,932 ± 21,767 190 ± 43 
cpm/dish 
Exp. No.1 10.8 ± 0.6 19.9 ± 0.4 30.9 ± 0.7 Only background 
Labeling index (%) « 10 grains/nucleus) 
Exp. No.2 57,090 ± 8,072 94,795 ± 4,147 256,137 ± 2,502 1,415 ± 322 
cpm/ dish 
Exp. No.2 10.0 ± 0.9 24.9 ± 0.6 39.7 ± 0.9 Only background 
Labeling index (%) 
epidermal cells. However, there was no apparent increase in the 
density of grains pel' nucleus that could be interpreted as a 
shortenmg of the S-phase. Mitotic figures are increased to the 
same extent as CH]-TdR incorporation 24-35 hI' after serum 
addition, indicating that the epidermal cells released from the 
block in G I (Go) are not arrested in G2 again. 
The factor or factors that are r esponsible for the stimulatory 
effect of serum on GI-arrested mouse epidermal keratinocytes 
can be in part replaced by a factor or factors provided by human 
PBL. This is demonstrated in T able II with two independent 
experiments. As measured with scintillation counting and auto-
radiography, leukocytes, essentially free of serum, cause about 
a 100% higher [3H)-TdR incorporation in cultured keratinocytes 
(column II) than unstimulated controls (column I). Serum 
causes a 200-400% increase (column III). Column IV presents 
cultmes where the same number of PBL were added to empty 
dishes parallel to the addition to keratinocyte cultures. This 
was done to exclude that the increase in radioactivity in epi-
dermal cultures with leukocytes (column II) is due to leukocytes 
that can attach under these cultme conditions, incorpora te 
CH]-TdR 15-2,0 hr after culturing, and remain attached when 
cultures are washed at the end of the [3H]-TdR pulse. Column 
IV in Table II shows that under these co'nditions the leukocytes 
that attached to the cultme dish, probably m ainly granulocytes 
and macrophages, incorporated only negligible amounts 
of CJH]-TdR. 
It has been shown in the past that epidermal keratinocytes 
are able to stimulate transformation of lymphocytes [20]. 
Therefore, one may argue that the increased eH]-TdR incor-
poration in mouse keratinocyte cultures after the addition of 
human PBL is actually due to increased DNA synthesis in 
lymphocytes stimulated by the epidermal cells. The conditions 
for this rea'ction to occur are not favorable in a system as 
described h ere. The cultures are free of serum, the Ca++ con-
centration is suboptimal [21], and lymphocytes, when they 
attach to a substratum, are usually removed by vigorous wash-
ing as it is done here at the end of the [:JH]-TdR incorporation 
period. In addition, DNA synthesis in lymphocyte cultures does 
not start before 24 hr after stimulation, even under optimal 
conditions, when cells are stimulated with phytohemagglutinin 
(PHA) [22]. However, it could be argued that mouse epidermal 
keratinocytes, under culture conditions as outlined above, are 
an even better mitogen . for human PBL than PHA and may 
cause a considerable incorporation of [3H]_ TdR to occw' 15-20 
hr after the mixing of epidermal cells and leukocytes. 
. To exclude this possibility PBL were treated with mitomycin 
before they were added to epidermal keratinocyte cultures. 
Mitomycin C inhibits DNA irreversibly by the formation of 
covalent crosslinks between the complementary DNA strands 
[23]. Concomitant RNA and protein synthesis are not affected. 
Bach and Voynow [24] used mitomycin C first for one-way 
stimulation in mixed leuk ocyte cultures: cells of one inclividual 
are treated with mitomycin C. Treated cells 'a re unable to 
respond (to incorporate thymidine) but can still stimulate ho-
mologous untreated cells to do so. 
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FIG 2. Effect of mi tomycin C-pretreatment of leukocytes and mouse 
keratinocytes on ["H)-TdR incorporation. Mitomycin C pretreatment 
and ["H]-TdH incorporation as outlined under Materials and Methods. 
The vertica.l bar shows the absolute number of counts in the acid-
insoluble material of each culture dish with standard errol' of mean. 
Each experiment was done in triplicate. Untreated keratinocyte cul-
tures (a-d): a, + serum; b, control (- serum); c, + leukocytes; d , + 
leukocytes pretreated with mitomycin C. Mitomycin C-pretreated ker-
atinocyte cultures (e-h): e, + serum; f, control (- serum); g , + leuko-
cytes; h, + leukocytes pretreated wi th mitomycin C. 
Fig 2 shows that human PBL, pretreated with mitomycin C, 
are still able to stimulate DNA synthesis in mouse epidermal 
keratinocytes. There is no significant difference of ["H]-TdR 
incorporation in mouse keratinocyte cultmes that received PBL 
pretreated with mitomycin C (Fig 2d) compared to mouse 
keratinocyte cultmes that received untreated leukocytes (Fig 
2c). As would be expected , only a small amount of [OH]-TdR 
incorporation can be found in a ll cultures where keratinocytes 
were pretreated with mitomycin C, whether they received leu-
kocytes, serum, or just plain medium afterwards (Fig 2e-h) . If 
the increased DNA synthesis observed in mouse keratinocyte 
cultmes treated with PBL wer e due to the [3H]-TdR incorpo-
ration by leukocytes stimulated by keratinocytes, one would 
expect an increased CH]-TdR incorporation in those cultures 
that conta in mouse keratinocytes pretreated with mitomycin C 
and untreated leukocytes (Fig 2g). Preliminary evidence sug-
gests that the leukocytes stimulate the keratinocytes by a factor 
or factors which they release into the surrouncling medium. A 
100-170% increase of CH]-TdR incorporation could be m eas-
ured when cell-free and serum-free m edium conditioned by 
PBL was added to keratinocyte cultures. 
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DISCUSSION 
If leukocytes are at least in part responsible for the increased 
proliferation of epidermal keratinocytes in the psoriatic lesion, 
as is suggested by the histology and experimental observations 
l'eported in the literature [7,8], it would be helpful in answering 
further questions to have an in vitro system for the study of the 
effect of leukocytes on the growth of epidermal cells. 
Studies of growth of epidermal keratinocytes in vitro have 
been hampered by the fact that there has been no assay 
available which enables the investigator to register slight dif-
fel'ences of growth-promoting and growth-inhibiting conditions, 
and to do this in a relatively short time. The growth assay 
presented in this paper may overcome these problems and may 
actually provide a possibility for screening growth promo tors 
and growth inhibitors for epidermal cells on a larger scale. The 
development of this system follows the experience with fibro-
blasts which are known to be well arrested in G\(Go) by serum 
starvation. However, a major factor appeared to be the lowering 
of the Ca++ concentration in the medium below 0.1 mM [18, 
19]. Under these conditions cells differentiate more slowly and 
grow longer. Therefore, an effect of prolonged serum with-
drawal and readdition can become apparent. An additional 
advantage is that fibroblasts cannot grow when the Ca++ con-
centration is below 0.1-0.5 mM [25,26], and epidermal cells grow 
as monolayers, which facilitates the use of autoradiography. 
Using this cultme system, it is shown in this paper that 
leukocytes are capable of stimulating the growth of cultured 
epidermal kel'atinocytes arrested in G\(Go) of the cell cycle by 
serum starvation. 
That the increased CH]-TdR incorporation measured after 
treatment of keratinocyte cultures with leukocytes is due to 
DNA synthesis in keratinocytes could be shown in the experi-
ment with mitomycin. Treatment of the leukocytes with mito-
mycin did not prevent the stimulation. Treatment of the kera-
tinocytes with mitomycin suppressed [3H]-TdR incorporation. 
The growth assay outlined in this paper should aid in the 
search for the factor(s)· stimulating the DNA synthesis in ker-
atinocytes, as well as in finding the fraction of leukocytes 
responsible for the production of ~hese factors: neutrophils, 
lymphocytes, or macrophages. 
This work was done in prut in the Laboratory of Moleculru' Biology 
at The Salk Institute for Biological Studies, San Diego. I am indebted 
to DJ'. HobeJ't Holley foJ' the use of his fa c il.i ties. I thall k Dr. RichaJ'd 
Stoughton, University of California , San Diego, and Dr. Robert Holley 
and Dr. Ian Trowbridge, The Salk Institute, for helpful discussions. 
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